ABSTRACT
INTRODUCTION
Since its discovery as a tool in cell biology four years ago (3), the green fluorescent protein (GFP) of the jellyfish Aequorea victoriahas been established as a valuable fluorescent marker that can be used to detect gene expression and to localize proteins intracellularly by means of fusion protein constructs (4, 15) . The immense usefulness of a fluorescent marker that can be introduced into and expressed in living cells also leads to efforts to improve the characteristics of the wild-type GFP by creating mutated versions with different spectral characteristics or increased fluorescence yield (8, 9) . GFP is a valuable reporter for determining interactions and regulation of genes when it is expressed under the control of a specific promoter. The activity of these genes can be monitored in living cells. GFPreporter systems also allow observation of dynamic processes like differential cell movement during development with very high resolution (2, 10, 14) .
Wild-type GFP has several disadvantages, which have been overcome by the construction of mutated forms of GFP (4, 5) . The strongest absorbance peak of wild-type GFP is at 395 nm, an excitation wavelength that causes excessive photobleaching and photodamage, making it unfavorable for the observation of living cells. Furthermore, autoxidation of the wild-type GFP requires more than 3 h, thus limiting its value as a reporter for gene expression (8) . A mutated form of GFP, the redshifted GFP S65T, has several significant advantages (9) : (i) its maximal absorbance peak at 489 nm causes less photobleaching and photodamage; (ii) it has a fourfold faster oxidation rate; and (iii) the excitation maximum is optimal for confocal microscopy using an argon laser. Heim and Tsien (9) created other GFP variants that are characterized by longer excitation wavelengths than wild-type GFP and shorter emisson wavelengths. These GFP mutants with altered spectral characteristics make it possible to separately detect two to three kinds of GFP in the same sample, either in the cytosolic form or as fusion proteins.
The methods for detection of multiple GFPs reported until now offer the possibility of studying interactions in cell assemblies and within cells, yet they also possess two drawbacks. One is that the separate detection of spectrally distinguishable GFPs is mainly achieved with different filter sets, precluding simultaneous detection (18) . Applied in three-dimensional (3-D) microscopy, this approach requires one scanning run for the visualization of each GFP, thus limiting the observation of fast processes within the specimen and giving the localization of the different GFPs with respect to each other a temporal blur. Furthermore, two separate scans cause more photodamage, a consideration that has to be taken into account when dealing with living cells. Simultaneous detection of a GFP mutant with a blue-shifted emission peak (Y66H, Y145F) and wild-type GFP has been achieved using UV excitation (16) . The spectral separation of the emission peaks allowed simultaneous detection, but UV excitation caused photo-isomerization, photodamage and a high background signal (4, 16) . The disadvantages of these GFP variants become more severe when used to study the dynamics of 3-D processes over time in living organisms. The application of two-photon excitation (i.e., using two photons with longer wavelengths [and less energy] to excite a fluorochrome with a shorter excitation wavelength) could be used to attenuate or even neutralize some of the adverse effects of high-energy illumination (6) , but the technological setup required for two-photon microscopy is not yet commonplace in biology labs. Using confocal laser scanning microscopy, we have devised a method to simultaneously detect two GFP mutants with distinct spectral properties without resorting to UV excitation. Also, the transmission image of the specimen can be recorded in the same scan.
MATERIALS AND METHODS

Cells and Transformation
Axenic AX-2 cells of Dictyostelium discoideumwere grown under standard culture conditions (17) . To initiate development, the cells were washed twice in KK2 buffer (10 mM K 2 HPO 4 , 10 mM KH 2 PO 4 , pH 6.8). Slugs were obtained by placing drops of cells (10 8 /mL) on 1% water agar plates (1% Bacto ™agar in distilled water; Difco Laboratories, Detroit, MI, USA). The plates were then incubated in the dark for 24 h at 18°C. Different plasmid constructs containing the coding region of the mutated S65T GFP and W2 and W7 GFP were made (W2 and W7 were kindly provided by R. Tsien, University of California, San Diego). The S65T and W2/W7 fragments were amplified by polymerase chain reaction (PCR) and inserted in the pB15 expression vector (12) under the control of the actin-6, pstA or pst0 promotor (11) . The spectral properties of the GFP mutants used are shown in Table 1 . AX-2 cells were transformed by electroporation essentially as described in Egelhoff et al. (7) using a Gene Pulser ® (BioRad, Hercules, CA, USA) at 1 kV, 3 µ F and a time constant of 0.5-1 µ s.
Microscopy and Image Processing
For simultaneous detection of the two GFP mutants, a TCS NT confocal laser scanning microscope (CLSM) (Leica, Deerfield, IL, USA) equipped with a 180-mW Argon laser (Omnichrome, Chino, CA, USA) with a laser line at 457 nm was used. Because the intensity of the 457-nm laser line is relatively weak, it was used without attenuation. In addition to two photodetectors for epifluorescence, another detector for transmitted light was used, making it possible to sample images on three channels. Images were taken with the CLSM configured as shown in Figure 1 using the standard filters supplied with the TCS NT (except the 465-nm dichroic, which was custom-made). The straightforward combination of the fluorescence channels ( Figure 2 
RESULTS
By configuring the CLSM according to the schematic in Figure 1 , it was possible to simultaneously excite and detect the mutated GFP W2 and S65T (Figure 2, a-d ). For excitation, the 457-nm laser line of the Argon laser was used. This line provides good excitation for W2, which has an excitation peak at 433 and 453 nm, but would not be considered suitable for exciting S65T, which has its excitation maximum at 489 nm (Reference 9 and Table 1 ). Because the excitation spectrum of S65T and the emission spectrum of W2 overlap, it is not possible to use the Argon laser line at 488 nm for the stimulation of S65T without having it bleed into the W2 detection channel. However, S65T can be excited by the 457-nm laser line, albeit suboptimally, and thus, simultaneous excitation of W2 and S65T is feasible. The fluorescence signal created by 457-nm excitation is sent through a 465-nm excitation beam splitter and a beam splitter that splits the signal into wavelengths below and above 500 nm. The emission peaks of the two GFPs are separated widely enough to allow unambiguous detection of W2 in the shorter wavelength channel by using a bandpass filter overlapping the W2 excitation peak. The signal above 500 nm contains fluorescence from both GFPs, and thus the two GFPs cannot be unambiguously separated. However, the complete S65T signal is included in the >500-nm channel. By combining the information in the two channels, it is possible to determine the identity of the GFPs in the following way: fluorescence signals in both detection channels designate cells expressing W2 ( Figure  2, a and b) , while cells appearing only in the channel containing the wavelengths above 500 nm can be identified as S65T-expressing cells (Figure 2b) . Because the sensitivities of the detection channels of confocal microscopes can be manipulated independently, the displayed signals in Figure 2 , a and b, are not direct representations of the detected intensities of the fluorescence signals. To detect two different GFP mutants in a mixture, it is important to adjust the detection channels using samples containing only one GFP variant before starting simultaneous measurements. First the W2-specific detection channel was adjusted with a sample containing only S65T-expressing cells, so that no bleed-through of the S65T signal was visible in this channel. Then the second detection channel was adjusted with a sample containing only W2-expressing cells. The intensity of W2 in the second channel was adjusted to the same level as in the first channel. If these two steps are taken, measurements of samples containing W2 and S65T allow the unambiguous identification of the two GFPs simply by combining the two channels into an overlay image. This can be done on-line by the CLSM software during scanning (Figure 2g) . The fluorescence signals in both channels should be adjusted to the maximal range (gray values of 0-255) without having values higher than 255 (overexposure) because this would give false results in the subtraction image. When the measurement is finished, the images can be further processed with programs like Adobe Photoshop (13) . By subtracting the W2 channel from the W2 and S65T channel (using, i.e., Photoshop's channel math functions), it is possible to display only the S65T-expressing cell population (Figure 2c ). By digitally overlaying the images showing exclusive W2 and S65T expression, one obtains an image in which both cell types can clearly be distinguished (Figure 2d) . The transmission channel was used to visualize cells not marked by GFP (Figure 2 , d and h-l). The simultaneous detection of another mutated GFP, W7 and S65T could also be achieved with the same method. However, W7 also has an emission peak at 501 nm, so that there was a stronger signal in the above 500-nm channel. This is not desirable because, when using the adjustment procedure described above, the sensitivity of the second channel has to be reduced to achieve similar W2/W7 GFP sensitivities in both channels. This leads to a reduced intensity of the S65T fluorescence signal. Figure 2 , e and f, shows cell typespecific expression of W2 and S65T GFP in Dictyostelium slugs. W2 GFP was expressed under the control of the ecmAB promotor, which is specifically active in prestalk (pst0) cells and some anterior-like cells, while S65T was expressed under the control of the ecmA promotor, which is active in prestalk (pstA) cells and some anterior-like cells (1) . To investigate cell sorting and differential cell movement during tip formation, migrating slugs of the axenic strain Ax-2 were transferred from water agar to petri dishes containing buffer agar and 5 mM caffeine. This results in the de novo formation of several new tips along the anterior-posterior axis of the slug. Figure 2 , e-g, shows projection images of an xyz scan of a D. discoideumslug consisting of a mixture of pst0-W2 and pstA-S65T cells. A new tip formed 2 h after the slug was transferred to caffeine agar (Figure 2h) . A comparison of Figure 2 , e and f, shows that pstA cells specifically accumulate in the uppermost part of the tip, while most of the pst0 cells remain dispersed throughout the main body of the slug. Figure 2g shows an overlay of the images e and f, W2 cells appear in yellow color (green and red) and S65T cells in red. Figure 2 , i-l, show a time series (xyt) of a D. discoideumslug forming a tip under the same conditions as described before. The xyt scans were taken at 2-min intervals for a period of more than 2.5 h. There was no observable photobleaching or photodamage. Cell behavior was normal as judged from animated time-lapse series, and tip formation occurred with the same dynamics as in control slugs not illuminated by the laser light. autoxidation of S65T GFP is about one hour. Four-dimensional (4-D) experiments are in progress to reconstruct 3-D movement trajectories of the cells and to detect de novo GFP expression.
DISCUSSION
The method described in this article demonstrates that simultaneous detection of two different GFP mutants, W2 (or W7) and S65T, is possible using the 457-nm laser line and that 3-D microscopy as well as long-term measurements needed for in vivo time-series recording are possible. In contrast to previously described methods, our procedure does not require UV excitation and reduces the number of scans required to identify the GFP mutants by half. Because detection of both GFP mutants occurs in the same scan, the localization of the different GFP molecules with respect to each other is accurate. Because a 3-D scan requires at least several seconds to complete, temporal resolution is increased by simultaneous detection. Photo damage is reduced because of the reduced number of scans and the use of a blue laser line that contains less energy than UV light. Hence, the described method can be used for the continuous observation of all kinds of living cells as long as these can be transformed with the GFP DNA sequence. Dictyosteliumcells showed normal cell movement behavior and pattern formation during more than 2.5 h of continuous measurement (85 scans). Initial experiments using 4-D microscopy showed that the cells remained viable and behaved normally even after 100 successive 3-D scans using 16 focal planes acquired every 1 min (1600 scans; data not shown). The use of the longer-wavelength excitation abolished the high background signal that constitutes another problem of UV microscopy. As described above, the S65T fluorescence signal is not present in a separate channel but is seen together with the W2/W7 signal. However, by subtracting the W2 GFP channel from the combined channel, even faint S65T signals can be detected unambiguously. For a complete elimination of the W2 signal by image subtraction, it is necessary to set the signal in both channels to the same intensity by adjusting the sensitivity of the two photomultipliers. The remaining signal represents only the S65T fluorescence. The correct detection of the two GFP signals can be verified by viewing the specimen in separate scans using optimized filter settings for W2/W7 and S65T fluorescence. When looking at living specimens, the processed images can easily be assembled into animated computer sequences, e.g., with the Adobe Premiere ™software.
